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(54) PULSED VACUUM ARC OPERATION OF FIELD 
EMISSIO>r X-RAY TUBE WITHOUT ANODE MELTING 



(71) We. Fjdsld.Emission Corporation, 
Mekose Ave. at Linke St, Mcl^^Qnnville, 
0]»gon 97128, United States America, 
a corporation organized and existing under 

5 the laws of the State of Oregon, United 
States of America, do hereby declaire the 
invention* for which we pray 'that a patent 
may be granted to us> and the method by 
which it is to be pezfozmed, to be particu- 

10 laxly dosoribed in and by the following 
statement: 

The present invention is concerned with 
improvements in or relating to pulsed* field 
emifision x-aray apparatus, and especially 

15 with such apparatus employing high voltage 
vacuum arc operation without medting of 
the anode in order to increase the useful 
lifetime of the x-iay tube. 
Previously, when using pulsed vacuum 

20 arc field emission x»-ray tubes, high energy 
electrical pulses of the order of 40 joules 
per square centimeter have been employed 
which heat the tungsten anode of such a 
tube above its melting point and cause 

25 cooling, by evaporation, of such anode. 
However, the usdEul lifetime of x-ray tubes 
operated in this manner is severely limited. 
For example, a 300 Kilovolt x-ray apparatus 
manufactured by the applicants had a use- 

30 ful x-ray tube lifetime of approximately 
1000 pulses for vacuum arc operation with 
pulse energies of 70 joules per puise. In 
addition, it has previously been proposed to 
provide a radiographic x-ray apparatus em- 

35 ploying a pulsed field emission x-cay tube 
itt which each x-^ray exposure is formed by 
a plu^ty of short pulses. However, in this 
proposed radiogcapMc apparatus, electrical 
pulses of lower voltage and leaver energy 

40 employed of, for example, 

135 Idlovolts and 4 joules in order to pre- 
vent destruction of the tube anode, which 
pulses are not fuHy satisfactory for chest 
xyray surveys since lihe limited energy per 

45 pulse lead^ to undesirably ik>ng exposure 
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time, while, at the same, time, the limited 
voltage leads to excessive x-cay absorption 
in bony structures, hence to an uixdbrex- 
posed low contrast radiograph in several 
areas, particularly the mediastinmn. As a 50 
result, several radiagraphs must be taken 
from different directions in order to obtain 
all of the necessary diagnostic information. 

It is, therefore, one object of the present 
invention to provide an improved pulsed 5S 
field emission vacuum arc x-ray apparatus 
of longer useful tube life. 

The present invention provides pulsed 
x-ray apparatus oomprising an x-ray tube 
including an evacuated envelope containing 60 
a field emission cathode and an anode 
which emits x-rays; a high voltage puilse 
generator having its output connected to 
said x-ray tube; exposure control means 
for triggering said pulse generator and cans- 65 
ing it to apply a pulse train containing a 
plurality of electrical pulses between said 
cathode and said anode to produce a comres- 
ponding number of x-sray pulses during one 
exposure time period whose duration is 70 
detenmined by said control means, said elec- 
trical pulses causGQg field emission of elec- 
trons from said ca&c^e and the formation 
of a vacuum arc of vaporized cathode 
material so that for . each electrical pulse "75 
said anode is bombard^ with an electrcm 
discharge of extremely hi^ voltage and 
higih current and emits a corresponding x- 
ray pulse; and said 6lectri(^ pukes having 
a peak voltage of at least 250 Idlovolts and 80 
a narrow width so fliat lie anode is bom- 
banded with election discharge pulses each 
having an energy density below that causing 
anode melting and the total number of 
pulses per exposure and the pulse repeti- g5 
tion rate of said pulse train is such as to 
prevent the anode from being heated to a 
final maximum temperature above tilie melt- 
ing point of the anode material at the end 
of said exposure period. 
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Brefeiably the anode material comprises 
tungsten. 

Preferably the electrical pulses have a 
peak voltage between 250 and 600 kilovolts 
5 and the electron discharge pulses bombard- 
ing the anode have an energy density below 
20 joules per square centimeter. Preferably 
the energy density is between 5 and 15 
joules per square centimeter. The xnray 

10 aj^aratus of the present invention is es- 
peciailly useful as a iradiograpihic apparatus 
for making radiographs of hmnan chests at 
high voltages of about 300 kilovolts to form 
(radiographs of higher overall contrast and 

15 greater diagnostic information content. How- 
ever, the present x-ray apparatus imay also 
be employed for industrial x-ray inspection 
purposes. 

fteferably the field emission cathode com- 

20 prises a plurality of separate spaced shaip 
emitting elements. Preferably the emitting 
elements are needles. Alteznatively the 
emitting elements aire rings having shazpened 
inner odges fiusroundiog a oooical anode. 

25 Preferably the pulse rate is at least 500 
pulses per second and the pulse width is 
less than 200 nanoseconds. 

Pieferably, the peak voltage is between 
300 and 450 kilovolts. the peak current is 

30 1.000 amperes or more, the energy 
density of the electron discharge pulses 
bombaiding the anode is 15 joules per 
square centimeter or less, and the pulse 
width of the high voltage puls^ is 50 nano- 

35 seconds or less. 

The present invention further provides a 
method of produdng a pulsed radiograph 
comprising producing a pulse train contain- 
ing a predetennined number of electrical 

40 pulses during one x-^ay exposure time 
period, said pulse being of higji current of 
at least 500 amperes and hi^ voltage of at 
least 250 kilovolts peak voltage; applying 
said electrical pulses between a field emis- 

45 sion cathode and an anode in an x-ray 
tube, to cause a plurality of x-ray pulses 
to be emitted from said anode by a field 
emission vacuum arc electron discharge 
operation during said exposure time period; 

50 transmitting said x-ray pidses througji an 
object to form a plurality of x-ray images 
of said object; exposing a radio- 
^phic film with multiple images 
corresponding to the x-ray images of said 

55 object within said exposure time period; and 
controlling the number of pulses in said 
pulse train, the pulse repetition rate and* 
pulse width iso that the anode is bombasded 
with election discharge pulses having an 

60 energy density less than 20 joules per square 
centimeter for each pulse and the anode is 
heated to a maximum tmperatura below its 
melting point 
Preferably said object is an adult human 

65 chest, the peak voltage is between 300 and 



450 kilovolts and the energy density is 
between 5 and 15 joules per square centi- 
meter. 

Preferably the x-ray exposure is fonned 
by at least 10 pulses each havmg a pulse 70 
width of less than 100 nanoseconds and a 
repetition rate of at least 500 pulses per 
second. 

We have found that both of the problems 
of sihort tube life and low local contrast 75 
radiographs can be solved by increasing the 
pulse voltage to a value greater than about 
250 kilovolts and reducing the electron 
energy density per pulse to a value below 
about 20 joules per square centimeter while 80 
also controllmg the total number of pulses 
per exposure so that the anode is not heated 
above its melting pomt Thus, a pulse xnray 
app^tus of die present invention has been 
operated with pulses of 350 kilovolts and 85 
1.000 amperes, a pulse width of 30 nano- 
seconds, an electron energy density per pulse 
of 10.5 joules per square centimeter, and 
a pulse repetition rate of 1.000 pulses per 
second which results in a useful lifetime of 90 
the tube of greater than 2,000,000 pulses 
and in chest radiographs of exceUent overall 
contrast and high diagnostic* information 
content 

These improved results are achieved, in 95 
part, because of the discovery that there is 
a reduction of anode temperature rise when 
a higher pulse voltage is used. Tl^ is due to 
the deeper penetration of the electrons into 
the anode surface. Thus, the tendency of loO 
increased heating due to the hi^er voltage 
of the electrons is more than offset by the 
thicker surface layer and correspondingly 
greater volume of anode material beiag 
heated during the pulse. It has been calcu- 105 
lated that the depth of dectton penetration 
in the surface of a tungsten anode for a 
350 kilovolts pulse is four times tiiat of a 
135 kilovolts pulse, while the uiorease in 
electron energy for a 350 kilovolts pulse 110 
is only 2.6 times that of a 135 kilovolts 
pulse. As a result, the maximum anode tem- 
perature rise is much loss for the 350 kilo- 
volts pulse than for the 135 kflovolts pulse. 
For example, when employing pulses of 135 115 
kilovolts and 4 joules energy with a pulse 
width of 30 nanoseconds, the maximum 
anode temperature rise per pulse is approxi- 
mately 2,150** Kelvin, compared with a 
temperature rise of only 600** Kelvin for nn 
pulses of 350 kilovolts. but otherwise of 
smular characteristics. 

As a result of the reduction in tempera- 
ture rise, it is possible to increase the energy 
per pulse to 10.5 joules for the 350 kilovolt 125 
pulses and still produce a maximum anode 
temperature rise of approximately 1,050** 
Kelvin per pulse which is still lower than 
that for pulses of 135 kilovolts and 4 joules. 
The maximum temperature at the end of a 130 
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50 pulse exposure is -still under 3,000" Kel- 
vin, or well below the melting pomt of 
tungsten of 3,640** Kdvin, even when the 
temperature rises of such pulses are added' 
5 to file initial room temperature value of 
approximately 300** Kelvm to determine the 
final temperatuie of the anode. Of ooune, 
by increasing the energy per pulse, the total 
numiber of pulses to provide an adequate 

10 exposure is reduced, which is extremely 
important in chest x-xays. to prevent move- 
ment of the heart and other orgw from 
'Tduiring" the radiograph. 
An x-(ray apparatus acccxrding to the in- 

15 vention can be used as part of an improved 
high ventage radiographic apparatus for mak- 
ing x^ray radiograj^ of higher overall con- 
trast and greater diagnostic infonnatkHL con- 
tent 

20 With a radiographic apparatus acooid- 
ing to the invention each exposure is formed 
by a pliiraHty of xnray pulses whose number 
aid repetition rate are sfudi that the ex- 
posure time is short enough to prevent 

25 motion Wur in the laxiiograph and the 
maximum anode temperature at the end of 
the exposure does not exceed the melting 

. pomt of such anode. '* 

There now follows a detailed description 

30 of an apparatus and method according to the 
invention; it is to be cleady undeaistood 
that this apparatus and method have been 
selected for desodption to illustrate the in- 
vention by way of example and not by way 

35 of limitation. 

In the drawings : 

Fig. 1 5s a schematic diagrain d a pulsed 
field emission x-ray apparatus according to 
the present invention with one suitable x-my 
40 tube shown in (aross-section; 

Fig. 2 is a perspective view of another 
x-ray tube which can be employed in the 
ai^aratus of Fig. 1 with parts broken away 
to show its internal stnictare; 
45 Fig. 3 is a curve showing die maximum 
anode t^perature dse per pulse as a func- 
tion of pulse vdtage, pulse energy and target 
ai]ea being held constant; 
Fig. 4 is a graph showing the energy den- 
50 sity per pulse required to raise the suifece 
of a tungsten anode to its melting point at 
differ^t pulse voltages; 

Fig. 5 is a curve of anode temperature 
rise vecsus time after die start of the finst 
55 puilse for different pulse voltagpsr and pulse 
encases; and 

Fig, 6 is a curve of the anode surface 
temperature produced by a plurdity of 
pulses in an exposure pulse train containing 
60 pidses identical to those produdng the 
middle curve in Fig. 5. 

As shown in Fig. 1, the xsray apparatus 
according to the present invention includes 
a field emission x^'ray tube 10 induding an 
65 anode 12 of a conical shape and a field 



emission cathode 14 in the form of a 
plurality of spaced sharpened needle-shaped 
emitter elements. The field emission cathr 
ode needles 14 are supported in four spaced 
giroups on a metal support sleeve 16 so that 70 
the needles project inward toward the 
anode. The support sleeve 16 is attached 
to a metal cup member 18 enclosing one 
end of the tube envelope and sealed to a 
tubular glass envelope portion 20 by a suit- 75 
able glass to metal seal to pax>vide die x-ray 
tube with an evacuated envelope. A thin 
x-cay transparent window portion 22 is 
provided in the bottom of the cup member 
18 in alignm^t with the anode 12 so that ^0 
x-xays emitted from the anode are trans- 
mitted throu^ the window. When used' as 
a ffadiographic apparatus, these x-^rays 24 
are transmitted through the object xmder 
investigation, such as a human diest, to 85 
expose a film within a cassette 25. The 
anode 12 of the x-cay tube is mounted on 
a stem 26 of reduced diameter which is 
attadied to a suppcMl ffOd 28 extending 
through another gjass to metal seal foioned 90 
between the envelope portion 20 and a metal 
seal member 30 provided' at the other end <rf 
the envelope to enable electrical pulses to 
be applied thereto througpti a lead 32. 

The cup member 18 is grounded and the 95 
anode 12 is connected tfaroi^ the lead 32 
to the output of a Mgh voltage pulser 34 
which may be a Mar^ surge generator but 
may also be of the Blomlein field reversal 
type or other liigji voltage pulser containing 100 
stoicage capacitances. The storage capaci- 
toms of the Marx surge generator are dharged 
in parallel and discharged in series through 
spark gaps. Thus, the pulser 34 is con- 
nected to the output of a D.C. charing cur- 105 
cent source 36 of lower voltage of, for ex- 
ample, about 15 kilovolts. A trigger gene- 
rator osdUator 38 whose repetition rate is 
set by the adjustment of a variable resistor 
40 is connected at its output to the high 110 
voltage pulser 34 for triggering the pulser 
by trigger pulses 41 which causes the first 
spark gap to teeak down. This causes the 
pulser to produce corresponding high volt- 
age output pulses 42 on the lead 32 of, 115 
for example, 350 kilovolts peak voltage and 
1,000 amperes peak current with a pulse 
width of about 30 nanoseconds and a repeti- 
tion rate of about 1,000 pulses per seconds 
This repetition rate may be varied between 120 
abcwit 500 and 4,000 pulses per second, 
depending upon the setting of the resistor 
40. An exposure control circuit 44 includ'- 
ing a variable resistor 46 of variable resist, 
ance is connected at its output to the trigger 125 
generator osdllator 38 to control the num- 
ber of trigger pulses 41 and the coarespond" 
mg number of high voltage output pdses 
42 per exposwie. Thus, the control ciixjuit 
44 applies an enaHing signal 48 to the 130 
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trigger generator oscillator 38 to cause it 
to piroduce trigger pulses so that the dura- 
tion of the enabling signal 48 determines 
the total exposure time, and the duration 
5 is adjusted by the setting of the variable 
resistor 46. 

As shown in Fig. 2, the x-auy tube 10 
of the apparatus of Fig, 1 can be replaced 
by a modified tube 10' which is similar, but 

10 is provided with a different field emission 
cathode 14'. The cathode 14' is in the fonn 
of three or moie annular rings 50 having 
thdr jradially inner edges 52 provided as 
^barpened emitting elem^ts which surround 

15 a conical anode 12 extending coaxially 
• thiou£^ such rings. The cathode rings 50 
aie mounted in a modified support sleeve 
16' so that they project inward) and are lon- 
gitudinally spaced along the anode. 

20 Both the tube 10 of Fig. 1 and the 
modified tube 10' of Fig. 2 axe provided 
with a vacuiun arc field emission operation 
in which the electeical pidses 42 applied to 
^ tte anode cause the field emission of elec- 

25. tions from the sharpened raiitter elements 
' of the cathode. These electrons are accele- 
rated by the high pulse voltage to tihe 
anode where they bombard the anode but- 
' face and cause x-rays to be emitted there- 

30 feom. The anode 12 may be made of tung- 
sten or a tungsten containing alloy, as well 
as other refractory metals including molyb- 
denum, and the cathode emitting elements 
may be made of a similar materiaL During 

35 vacuum arc operation, a portion of the 
.cathode material is vaporized to produce 
positive ions of cathode material which 
neutralize the negative space charge ordin- 
arily surrounding the cathode and thereby 

40 greatly increase the electron discharge cur- 
' rent to provide a current of the order of 
1,000 amperes during the brief time period 
of the pulses 42. This vacuum arc field 
emission operation produces an intense x- 

45 lay pulse of short duration for each elec- 
, Meal pulse 42. 

^ As shown in Fig. 3. a curve 54 of the 
: maximum anode , temperature rise in degrees 
Kelvin for dif^nt pulse voltages in kilo- 

50 volts shows that as the voltage increases the 
' anode temperature rise decreases. This is 
surprising, because one would ordinarily 
assume that the increase in electron ener^ 
due to the greater pulse voltage would cause 

55 a corresponding increase in anode t^pera- 
ture. However, it has been found that this 
increase in beam voltage causes the elec- 
trons to penetrate throu^ a thicker surface 
layer of the anode, thereby inoreasing the 

60 effective volume of anode material in which 
the heat energy is dissipated during each 
pulse. For example, at 350 kilovolts, the 
effective depth of penetration of the electrons 
in a tungsten anode is approximately 17.6 

65 microns, while the effective depth of pene- 



tmtion of electrons at 135 kilovolts is only 
about 4.4 micTOTs. Thus, it can be seen 
that the thickness of the anode surface 
layer in which the heat is difssipated for the 
350 kilovolt electron beam is four times 70 
that of the 135 kilovolt beam, while the 
increase in electron energy is only 2.6 times 
that of the 135 kilovolt electrons. The result 
is a net decrease in anode temperature with 
increases in pulse voltage and this decrease 75 
m temperature follows the curve 54 for a 
pulse energy of 5 joules per square c^ti- 
meter. This effect is more fully discussed 
hereafter with respect to Fig. 5. 

Fig. 4 shows a curve 56 of the energy go 
density m joules per square centimeter per 
pulse at different pulse voltages m kilovolts 
requked to increase the temperature of the 
tungsten anode surface to its melting point 
>While the values used in Fig. 4 are calcu^ 85 
lated values and the actual energy density is 
lower because of the finite rise time and fell 
tiine of the pulse, it can be seen that for 
a beam of .150 kilovolts, the cneffgy density 
IS about 5 joules per square centimeter to qa 
cause anode mdting, while at a higher vrft- 
age of 350 kilovolts approximately 18 joules 
per square centimeter are required for melt- 
ing. Here again, the greater energy density 
required for anode mdting with higher vdt- 95 
age pulses is a aresult of the increased sur- 
face penetration of the edectrons which in- 
creases the ^ective volume (rf anode 
material available for heat dissipation during 
each pulse. Thus, the energy density re- 100 
quired for melting actually increases ^th 
increases in beam voltage. 

It has be^ found that high voltage pulses 
m the range of 250 to 600 kilovolts. and 
preferably between about 300 and 450 kilo- 105 
volts, give greatly improved x-ray radio- 
graphs of higher overall contrast and 
greater diagnostic information content, 
especially when employed for human chest 
x-rays. Thus, the xnray pulses produced at HQ 
these higher voltages penetrate through the 
spme and rib bones in the chest to expose 
organs positioned behind such bones, which 
JS extremely advantageous, especiany in the 
study of the lungs whose outer p^phery is us 
frequently hidden in radiograph by the x- 
ray image ot the ribs. It should be noted 
mat at extremely high voltages, greater than 
60Q kilovolts, XHTay scattrarig becomes a 
l)roblem which cannot be solved by con- ita 
ventional Bucky grid type coHunators. Pre- 
yious chest x-ray radiographic apparatuses 
have operated at approximately 150 kilovolts 
and because of the low contrast several 
radiographs must be taken firom different 125 
angles to obtam the same mfoimation which 
^ be obtained in a sin^Je oadiograph taken 
by a multiple pulse ejqposure at the high 
voltage level of, for example, 350 kilovolts 
Tismj an aparatus acccadmg to the present 130 
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invention, 

Wiim a pulsed vacuum aire field emission 
x-^ay tube is operated at ibis high voltage 
of about 350 kMovolts and lugh current of 
S about 1,000 amperes, the tube life is oidin* 
sevetrely limited due to mdting <3i the 
ancde. Thus, in one such appaitatus mann- 
&ctured by the applicants, tte tube life 
vm only aiboi;it 50 pulses. This problem has 

10 been overcome in the x-iay apparatus 
accxxrding to the present invention by re- 
ducing the energy per pulse and increasmg 
the number of puitees per exposure. Thm, 
it has been found that for voltages greater 

15 than 250 Idlovolts, the energy density per 
pulse should be less than 20 joules per 
square centimeter, and preferably is about 
8 joules per square centimeter, or less at 
350 Idlovolts for a typical multiple pulse 

20 exposure of 15 pulses or more. Also, the 
pulses should have a pulse width less than 
100 nanoseconds, or preferably about 30 
nanoseconds, and a pulse repetition rate 
greater than 500 pulses per second, or pre- 

25 ferably 1,000 pulses per second to give satis- 
factory exposure time and total energy per 
exposure without anode melting. Thus, for 
chest x-rays, the exposine time must be less 
&an about 1/50 of a second to prevent 

30 motion blur in the radiograph due to, among 
other things, heart and lung movement. 
Also, for a normal chest x^ray. a pulse 
train approximately 20 pulses of the 
preferred values given above is sufficient 

35 for a proper exposure ot about 20 milikads 
for a patient six feet from the x-ray source 
when the x-iay cassette 25 contains Kodak 
(RTM) RP54 film and two. fluorescent m- 
t^sifler soeens on opposite sides of the 

40 film. 

As shown in Fig. 5, a curve 58 of anode 
temperature rise in degrees a Kelvin versus 
time after the start of the fim^ pulse fox 
.135 kflovolt pulses, shows that the tem- 

45 perature rise is a maximum of 2150° Kelvin 
at a peak point 60 corresponding to the 
end of the fisrst pulse. After the pulse ter- 
minates, the temperature rise gradually re- 
duces by heat diffusion into the anode 

50 material below tiie bombarded surface layer 
to an eqiulibrium temperature of about 
22" Kdvin. This curve 58 is for pulses of 
135 kilovolts and' 4 joules energy with a pulse 
width of 3C nanoseconds and an effective 

55 ianode area of one square centimeter. How- 
ever, a second curve 62 of anode tempera- 
ture rise versus time for a 350 kilovolt 
pulse of the same energy and other charac- 
teristics shows a peak temperature rise 64 

60 at the end of the first pulse of only about 
600** Kdvm, Thus, the maximum tempera- 
ture rise for the 350 Idlovolt pulse is over 
1500'' less than the temperature rise pro- 
duced by the 135 Idlovolt pulse. This 

65 dramatically illustrates the reduction in 



anode temperature rise resulting from in- 
creased pulse voltage that was previoudy 
referred to in Fig. 3. It should be noted* that 
the curve 62 dosely follows the curve 58 
after the time of 10";' seconds^ since the 70 
total energy for both of the corresponding 
pulses h the same. However* by increasing 
the amount of puke energy to 10.5 joules 
for the 350 kilovcdt pulse, a third curve 66 
results which has a peak temperature rise ^5 
68 at the end of the first pi^se. of about 
1050° Kelvin. This peak temperature rise 
68 for the 350 kilovolts, 10.5 joule pulse is 
still mvLch, dower than tie p^ temperature 
60 of the 135 kilovolt cuxwq 58 even thou^ 80 
the third curve 66 is produced by a pulse 
of over twice the energy. Thus, as a result 
of the reduction in temperature, it is pos- 
sible to greatiy increase die energy of the 
350 kilovolt pulse wi^out causing anode 85 
mdting, which reduces tiie number of pulses 
required for the necessary totai exposure 
energy. 

As shown in Fig. 6, when a plurality of 
350 IdlovQlt, 10.5 joule pulses correspond- 90 
ing to the curve 66 of Fig. 5 are applied to 
the x-ray tube ait a xepetition rate of 1»000 
pulses per second as paot of a pulse train, 
the anode surface temperatme increases with 
each pulse due to the fact that the anode s 95 
at some higgler temperature and does not 
cool down to its initial temperature at tiie 
beginning of each, successive poise. Hms, 
when a plurality of 350 kilovolt, 10.5 joide 
pulses havmg a repetition rate erf 1,000 100 
pulses per second are applied to die x-ray 
tiibe, the anode is progresdYcly heated along 
a minimum anode temp^ature line 70 cor- 
responding to the envdope of the residual 
temperature rise at the end of eadi pulse 105 
and along the maximum anode temperature 
line 72 conrQ^ponding to the envelope of tiie 
peak temperature 68 of each pulse. It 
should be noted that the vertical axis of the 
curve of Fig. 6 is in terms ot total tempera- 110 
ture in degrees Kelvin, while tiie vertical 
axis of Fig 5 in terms of temperature 
irise or change in temperature per pidse in 
degrees Kelvin. Thus, the TniTn'mnTn anode 
temperature envdope 70 of Fig. 6 starts at 115 
room temperature which is approximatdy 
300" Kdvm and the maximum anode tem- 
perature envelope 72 starts at 1050* + 
300° or 1350° Kdvin. 

An important thing to note in Fig. 6 is 12Q 
that the maximum temperature line 70 does 
not exceed the 3640° Kelvin mdting pomt 
74 of the tungsten anode until after lift 
miHiseconds. Thus, for the 350 Jdlovdt, 
10.5 joule pulses producing the temperature 125 
curves 66, the maximum exposure time 
without anode melting is 110 milliseconds 
which corresponds to 110 pulses at a repeti- 
tion rate of 1,000 pulses per second. As 
shown in Fig. 5. on the logarithmic time 130 
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scale at this oepetition rate, the second pulse 
indicated by the anow 76 oocuis one milB- 
second after the first piUse at a point 78 
on the temperature curve 66 which corres- 
5 ponds to a temperatute rise of approximately 
60° Kelvin. Thus, there is a minimum 
anode tempeiature increase along the curve 
70 of approximately 60* Kelvin per pulse 
and a corresponding inorease in a maximum 

10 temperature curve 72 of a similar amount 
per pulse. Of course, this is only an ap- 
proximation because by the time the fiftieth 
pulse occurs, as indicated by the arrow 80. 
the temperature curve 56 of the fast pulse 
15 has dedrcased to a point 82 of about 24** 
KelvirL From the above, it can be seen 
that in order to prevent anode melting 
which greatly reduces tube life, the total 
number of pulses per exposure and the pulse 

20 repetition rate must be such that the maxi- 
mum anode temperatmre line 72 does not 
cross the mdtmg point 74 of the anode 
before termination of the exposure. For 
most chest x-rays, 50 pulses or less will 

25 be employed so that there is no danger of 
this happenening when usmg 350 Movolt 
pulses of 10.5 joules energy with a pulse 
repetition irate of 1,000 pulses per second 
and a pulse width of 30 nanoseconcfe in 

30 accordance with the present invention. 
It should be noted that the tube anode 
of which the temporature curve 66 wa^ 
calculated had an effective airea <^ L8 squaire 
centimeters which conesponds to a conical 

iS taorget having a maximum base diameter of 
0.2 inch and a cone half wangle of approxi- 
mately 7" measured between the axis and 
the side surface of such cone. This provides 
a^ small x-ray source having an effective 

40 diameter of approximately 3 millimeters 
whi<di is important for x-ray iradiogcaphy for 
good image lesolution of sm^ objects. 

While the invention has been described 
with particular reference to medical appli- 

45 cations, such as x-raying the human chest 
employing a plurality of high intensity 
pulses of x-rays, the short duration, hi^ 
intensity x-ray pxilses produced axe also 
particularly useful in hi^ speed cineradio- 

.^0 graphic systems using either a high speed 
pin fregistered framing camera and an x-ray 
iinage intensifier with the pulses sychronized 
with the camera shutter or a high speed fi1n> 
drum. The individual x-ray pufees aare pref- 

'55 arably less than 50 nanoseconds long so that 
the system has exceptional stop-motion 
characteristics for high speed events and 
puke rates up to 1.000 frames per second 
provided excellent slow motion effects. Ap- 

60 plications include studies of crash injuries, 
rocket motors, vibrations, fost moving in- 
temal parts, etc. 

WHAT WE CLAIM IS: 
65 L Pulsed x-ray apparatus comprising an 



xnray tube including an evacuated envelope 
contaming a field emi^ion cathode and an 
anode which emits x-rays; a high voltage 
pulse generator having its output connected 
to said x-ray tube; exposure control means 70 
for triggering said pulse generator and 
causmg it to apply a pulse tram contjuning 
a plurality of electrical pulses between said 
cathode and said anode to produce a corres- 
ponding number of x-iray pulses during one 75 
exp(»uxe time period whose duration is de^ 
termined by said control means, said elec- 
tirical pulses causmg field emission of elec- 
trons from said cathode and the formation 
of a vacuum arc of vaporized cathode 80 
material so that for each electrical pidse 
!said anode is bonibaided with an elec- 
tron discharge of extremely high volt- 
age and high cunrent and emits a ■ 
carresponding x-ray pulse; and ssiid 85 
eletrical pulses havu^g a peak voltage 
of at least 250 kilovolts and a narrow width 
so that the anode is bombarded with elec- 
tron discharge pulises each liaving an en^gy 
density below that oausing anode melting 90 
and the total number of pidses per exposure 
and the pulse repetition rate of said pulse 
train is such as to prevent th& anode from 
being heated to a final maximum temperature 
above the melting point of the anode 95 
material at the end of said exposure period. 

2. An x-iay apparatus accotdmg to 
claim .1 in which the anode material com- 
prises tungsterL 

3. An x-iay apparatus accordmg to either 100 
one of claims 1 and 2 in which the dectrical 
pulses have a peak voltage between 250 
and 600 kilovolts and the electron discharge 
pulses bombarding the anode have an energy 
density below 20 joules per square centi- 105 
meter. 

4. All x^y apparatus according to 
claim 3 in which the energy density is be- 
tween 5 and 15 joules per square centi- 
meter. JJQ 

5. An x-ray ai^)£ttatus according to any 
one of the preceding claims in which the 
field emission cathode comprises a plurality 
of separate spaced sharp emitting elements. 

6. An x-ray apparatus according to 115 
claim 5 in which the emittmg elements are 
needles. 

7. An x^ray apparatus according to 
claim 5 in which the emitting elements are 
dngs havmg sharpened inner edges sur- 120 
iroundmg a conical anode. 

8. Ai x-ray apparatus according to any 
one of the preceding claims in which the 
pulse rate is at least 500 pulses per second 
and the pdse widfli is less than 200 nano- 125 
seconds. 

9. An xsray apparatus acoordiog to 
claim 1 ra which the anode is made of 
tungsten, the peak voltage is between 300 
and 450 kilovolts. the p^ current is 1.000 130 
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amperes or more, the energy density of 
the elecJaron discbarge pulses bombaiding 
the anode is 15 joules per square centimeter 
or less, and the pulse width of the h^ 
5 voltage pulses is 50 nanoseconds or less. 
10. A method of poiodudng a pulsed 
radiogcaph comprising producing a pulse 
train containing a predetermined number of 
electrical pulses during one x-ray exposure 

10 thne period, said pokes being of higih cur- 
rent of at least 500 amperes and high volt- 
age of at least 250 Movolts peak voltage; 
applying said electrical pulses between a 
field emission cathode and an anode in 

15 an x-iray tube, to cause a plurality of x-ray 
pulses to be emitted from said anode by a 
field emission vacuum arc electron discharge 
operation during said exposure time period; 
transmi t ting said x-ray pulses througji an 

20 object to form a plurality of x-cay images 
of said object; exposing a radiographic film 
with multiple images correspond^ to the 
x-ray images of said object within said 
exposure time period; and controlling the 

25 number of pulses in said pulse train, the 
pulse repetition rate and pulse width so that 
the anode is bombarded with electron dis- 
charge pulses having an energy densiity less 



than 20 joules per square centimeter for 
eacli pulse and the anodie is heated to a 30 
maximum temperature below its melting 
point. 

11. A mel]iod according to daim 10 in 
which said object is an adult himaan chest, 
the peak voltage is between 300 and 450 35 
kilovolts and the energy density is between 

5 and 15 joules per square CMitimeter. 

12. A method according to either one 
of the claims 10 and 11 in whidi the x-ray 
exposure is formed by at least 10 pulses 40 
and having a pulse width of less than 100 
nanoseconds and a repetition rate of at 
least 500 pulses per second. 

13. An x-may apparatus "atooording to 
claim .1 constructed, airanged- and adapted 45 
to operate substantiailly as hereinbefojrc des- 
cribed with reference to the accompanying 
drawings. 

14. A method according to claim 10 
substantially as hereinbefore described with 50 
reference to th e acc ompanying drawings. 

ERIC POTTER & CX^ARESON 
Chartered Patent Agents 
Kingsway House 
Eingisway 
London WC2B 6QX 



Fnnted for Her Majesty's Stationery Office by The Tweeddale Press Ltd., Berwick-upon-TweedL 1975. 
Published at the Patrat Offices, 25 Southampton Bundings, London, WC2A lAY, from ndiiS^ copies 

may be obtained. 



1390575 COMPLETE SPECIFICATION 

3 SHEETS ^fo^ltg Is a reproducUon of 

the Original on a reduced scale 

Sheet 1 




1390575 COMPLETE SPECIFICATION 

^ing is a i 
^Inal on a. 

Sheet 2 



3 SHEETS ^^^^ drawing is a reproduction of 
the Original on. a, reduced scale 





too aoo 300 400 50O (KVJ 
PULSE VOLTAGE 



ENERGY 
DENSITY 




FIG. 4 



10 



100 2O0 300 AOO 500<KV> 
PULSE VOLTAGE 



1390575 COMPLETE SPECIFICATION 

3 SHEETS drawing is a reproduction of 

we Original on a reduced scale 

Sheet 3 




